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Building a quantum repeater network for long distance quantum communication requires photons and quantum registers that comprise qubits for interaction with light, good memory capabilities and processing qubits for storage and manipulation of photons. Here we demonstrate a key step, the coherent transfer of a photon in a single solid-state nuclear spin qubit with an average fidelity of 98% and storage over 10 seconds. The storage process is achieved by coherently transferring a photon to an entangled electron-nuclear spin state of a nitrogen vacancy centre in diamond, confirmed by heralding through high fidelity single-shot readout of the electronic spin states. Stored photon states are robust against repetitive optical writing operations, required for repeater nodes. The photon-electron spin interface and the nuclear spin memory demonstrated here constitutes a major step towards practical quantum networks, and surprisingly also paves the way towards a novel entangled photon source for photonic quantum computing.
A quantum repeater network is intended to distribute entanglement between distant nodes realizing an elementary quantum network [1] . Building up such a network requires photon sources (single or entangled pairs), processing nodes with the ability to make (i) optical or spin Bell-state measurements, (ii) long coherence times and (iii) ability for entanglement purification or quantumerror correction [2, 3] . With such strong requirements it is hard to find physical systems meeting all of the above criteria. In this regard ensembles of atomic gases, trapped ions and solid state systems are intensively studied [1, 2, [4] [5] [6] [7] . While e.g., atomic systems provide high interaction efficiency with photons, rare earth systems on the other hand show long coherence times, all are required for processing the absorbed/emitted photons. As opposed to ensembles, single particles though typically have a significantly less interaction efficiency with photons, however are useful for quantum networks due to their ability for in situ information processing [8] [9] [10] [11] , like entanglement purification [12, 13] .
For this reason solid state devices with well controllable spins are recently proposed to be promising candidates for quantum repeater networks [15, 16] . The nitrogenvacancy (NV) defect centre in diamond does show significant potential in this respect. It provides a hybrid spin system in which electron spins are used for fast [17] , high-fidelity control [18] and readout [19, 20] , and nuclear spins which are well-isolated from their environment yielding ultra-long coherence time [21] . Electron and nuclear spins could form a small-scale quantum register allowing for e.g. necessary high-fidelity quantum error correction. Furthermore, the NV electron spin can be entangled with an emitted optical photon [22, 23] . Quantum entanglement and quantum teleportation between two remote NV centres have already been experimentally demonstrated [24, 25] . A further and significant step towards using the NV centres in diamond to realize a functional quantum repeater network is to demonstrate its ability to store quantum information from a light field into the defects spins in such a way that it has the capability for a repetitive readin and readout of the memory, essential for scalable networks [16] .
Quantum repeater networks can be realized either in the emission based approach where the photon entangled to a given solid-state qubit in a quantum node is absorbed by the other, thereby generating entanglement between adjacent nodes [16] , or through an absorption based approach where absorption of a photon from an entangled pair between adjacent nodes could lead to entanglement between them. While emission based approaches suffer from low absorption and collection efficiencies of photons from solid-state qubits and also a very low coherent emission into the Zero Phonon Line (ZPL), the later approach is only limited to low absorption efficiency of the solidstate system. Here, as the first step towards realising an absorption-based solid-state quantum repeater network we characterize a quantum node with solid-state spins in diamond that can be initialized, entangled and read- Each node consists of one communicator qubit (electron) and few memory qubits (nuclear spins). The initial electron-nuclear spin entanglement followed by electron-photon entanglement leads to the storage of the photon in the nuclear spin resembling photon-nuclear spin teleportation. Multiple operations on the communicator spin (here symbolized by two impinging photons) without compromising coherence stored in the nuclear spin is an essential requirement for the scheme. (lower), Circuit diagram and pulse sequence for storing a photon into the nuclear spin and its verification. (b) (lower), The Bell-state preparation of the electron-nuclear spin system from the initial state |0 e|0 n, (upper), the Lambda configuration showing the excited and ground states, and the polarization dependent resonant absorption process. Using the orbital angular momentum basis, |E0,± , these excited and ground states are explicitly written as |A1 =
. (c), The relaxation of the excited state |A1 to the ground state |0 e by a nonradiative decay, the single-shot readout of the electronic spin state by a continuous excitation to |Ex and the detection of the emitted photons. The |0 e ↔ |Ex cycling transition is used for both heralding and nuclear spin readout. (d), Energy-level diagram for performing the nuclear spin state tomography. In the above figure the blue-solid arrows correspond to microwave transitions of the electronic spin state, green-solid arrows correspond to radio frequency transitions of the nuclear spin states and the red-solid arrows indicate optical transitions.
out with very high efficiency. Relying only on photon absorption and spin measurements we show that the polarization states of the photon can be stored with high fidelity in a long-lived nuclear spin.
The basic element of our system is a single NV centre consisting of an electronic spin (S=1) and intrinsic 14 N nuclear spin (I=1), coupled by hyperfine interaction. The selection rules for optical excitation allow both electronic spin states |±1 e to be excited to |A 1 through absorption of a photon with σ + and σ − polarization respectively, forming a Lambda system as shown in Fig. 1(a) . Due to the short life time of the excited state the electron quickly relaxes to the ground states, | + 1 e , | − 1 e , |0 e either by spontaneous emission within 12ns [26] , or through a combination of intersystem crossing and phonon or infrared photon emission within 250ns. As the photon is emitted accompanied by the excitation of fast decaying local phonons, the electron spin quickly dephases, loosing all its coherent information. Only in 4% cases where the emission into ZPL happens, the electron remains entangled with the emitted photon.
The whole transfer and storage process and its verification consists of four steps: Bell state preparation of the electron-nuclear spin system ( Fig. 1(b) (lower) ), optical writing ( Fig. 1(b) (upper), 1(c)), heralding ( Fig.  1(c) ) and the nuclear spin readout ( Fig. 1(d) ). We start with the two electron spin ground states being degenerate and the NV spin system prepared in an initial Bell state (|σ + + e iφ |σ − ) and in resonance with the A 1 transition is sent into the NV centre. After absorption of a photon, the collective photon-NV spin system evolves into the state |A 1 ⊗ |ψ n (see SOM), where
As our protocol depends only on successful absorption of a photon but not on the emission we are not limited by the 4% ZPL. The successful storage of photon on the nuclear spin can be heralded either by detecting the emitted photon or by a single-shot readout of the electronic spin state |0 e (see Fig. 1(c) ). In the later way the readout photons being different from the read-in photons makes the heralding process almost 100% efficient. Relying on the heralding of the spontaneously emitted photons from |A 1 is less efficient due to the low collection efficiencies of the detector. The perfect degeneracy between the ground states in a Lambda configuration allows absorption 50% of the time (see SOM). Further with only a 40% probability of finding the electron in spin state |0 e after relaxation, the efficiency of the storage process ideally reaches a value of ≈ 20% in the single photon picture (i.e., absorption and emission of only one photon). As there is no direct interaction between the memory (nuclear spin) and the incoming photon, unlike other systems [9, 11] , scattering photons would not lead to photon storage in our system.
We implement this protocol in a low strain (≈1.2 GHz) NV centre to suppress strain-induced effects, e.g. lowering the symmetry of the NV and altering the configuration of the excited state. For experiments a NV centre along [111] orientation is chosen. In the experiment the net magnetic field is set to zero to ensure degeneracy of the ground states. By working at liquid helium temperature (T<8 K) we can resolve optical transitions and enable resonant excitation to perform efficient initialization and projective high-fidelity single-shot readout on the electron spin [20] . The upper limit of the nuclear spin coherence time, given by the electron spin's T 1 time which reaches minutes at low temperatures. Fig. 1(a) shows the circuit diagram and pulse sequence of the protocol. Before preparing the Bell state, we first initialize the 14 N nuclear spin into state |0 n with a fidelity higher than 98% (Fig. 2(a) ) by applying polarization transfer from the electron spin. We achieve such high fidelity due to the initialization via the excited state |A 1 which is hardly effected by the hyperfine interaction. To this end we start from state |0 e of the electron spin and a thermal state of the 14 N nuclear spin characterized by identical populations in states |0 n , |+1 n and |−1 n . Populations in states |0 e | + 1 n and |0 e | − 1 n are then transferred to state | + 1 e | + 0 n and | − 1 e |0 n through a nuclearspin-controlled NOT gate followed by an electron-spincontrolled NOT gate on nuclear spin. After reinitializing the electron spin into state |0 e , the final state is |0 e |0 n ( Fig. 2(a) ). Unlike existing schemes, our approach here neither relies on level anti-crossings [27] nor requires postselection measurements [20] . The Bell state |Ψ + is prepared from |0 e |0 n by applying a nuclear π pulse followed by a nuclear-spin-controlled NOT gate ( Fig. 1(b) ).
In the second step after the Bell state is created, the electron in resonantly excited to |A 1 by the photon to be stored. We synchronize the excitation to be within 20ns after the Bell-state preparation to avoid any decoherence by the surrounding spin bath. Here we use a laser pulse with a power of 200 nW (corresponding to an optical Rabi frequency of 27MHz [28] ) and pulse width 12ns that is equal to the life time of the excited state, which contains a few thousand photons. Though we use a classical light field to demonstrate state conversion the defect can only absorb and emit single photons. The probability for absorbing more than one photon due to re-excitation is very small (∼ 0.025, see SOM). The NV centre thus interacts with only a single photon during this 12ns.
In the third step to confirm the absorption and subsequent relaxation of the electronic spin to its ground state we perform single-shot readout on the electron spin. First we map the phase information of the nuclear spin state on to its population by an RF-pulse (see Fig. 1(a)) i.e.,
By doing so the phase can still be readout even if the nuclear spin dephases during the heralding of the electronic spin state. With an additional laser source we now induce cycling transitions, |0 e ↔ |E x,y (see Fig. 1(c) ). By detecting the emitted photon flux we infer the electronic spin state which in turn confirms the storage process.
In the fourth and final step we readout the nuclear spin state when the electron spin is in state |0 e corresponding to successful storage. By measuring the amplitude of electron spin Rabi oscillation conditioned on the nuclear spin state |0 n and | ± 1 n , we obtain the populations of nuclear spin state, from which we infer the phase φ.
In Fig. 2(b) we show the Rabi oscillations of the electronic spin for φ = 0, and obtain the density matrix of the corresponding nuclear spin state which is shown in Fig. 2(c) . Repeating the experiment with varying φ we readout the coherent phase between the photon polarization states via the nuclear spin state with an average fidelity of 98%(see Fig. 3 ). We now verify the storage time of the memory, a key characteristic of a quantum node. Nuclear spins are considered to be a good quantum memory due to their natural isolation from the noisy environment. Here we measure the coherence time of our 14 N nuclear spin memory and study the decoherence mechanism. The free precession of the nuclear spin is measured via a Ramsey sequence (see SOM). The coherence dephases on a time scale of T * 2n = 0.31 ± 0.05s for the electron spin in m s = 0, and on a time scale of T * 2n = 12.0 ± 1.9ms for the electron spin in m s = ±1. The dephasing arises from the noise generated by the surrounding 13 C nuclear spin bath. The dependence on the electron spin state can be understood by noting the different spin bath dynamics in these two cases: for m s = 0 the bath's dynamics is dominated by nuclear magnetic dipole-dipole interaction, while the electron spin induced gradient magnetic field dominates in the m s = ±1 case (see SOM).
To extend the coherence time, we apply a Hahn echo sequence. Fig. 4(a,b) shows the signal decay with a much longer coherence time. For the electron spin in the manifold m s = ±1 the gradient magnetic field induced energy mismatch strongly suppresses flip-flop processes for the 13 C nuclear spins close to the electron spin and should lead to a coherence time exceeding 5s (see SOM), which is in disagreement with the experimentally observed coherence time T 2n = 0.53±0.09s. This large discrepancy indicates that noise sources other than the nuclear spin bath is limiting spin coherence time in this case. In the m s = 0 manifold, however, such a limitation is not observed. A spin coherence time beyond 10s is measured, which can still be explained by treating the nuclear spin bath effects as an effective random classical field (see SOM). By comparing these two cases, the most probable factors causing the deviation in the m s = ±1 case would be the fluctuation of the hyperfine interaction between the NV centre electron spin and the 14 N nuclear spin, or the fluctuation of axial quadruple interaction of the 14 N nuclear spin. For a versatile quantum node that can perform entanglement distribution, entanglement distillation and quantum error corrections, multiple storage in different memory qubits (nuclear spins) are usually required. Hence the memory qubit should be robust against repetitive excitation of the communicator qubit. To verify this stability, we measure the nuclear spin's coherence time under continuous optical A 1 illumination. A coherence time ∼ 60µs (Fig. 4(c) ) which supports 5000 iterations of the optical writing is observed. The origin of the decoherence here can be understood by noting that the electron has a low but finite probability to be excited to state |E x,y due to non resonant optical illumination and subsequently relaxes back to the ground state |0 e through spontaneous emission. In the excited state the spin-spin interaction and strain causes state mixture between state |E x,y and other excited states [14] , resulting in a new eigenstate |E x,y . In this mixed state |E x,y , the nuclear spin evolves under a Hamiltonian H e = A · I due to the hyperfine interaction, where
A slow flipping induced by non resonant optical illumination is sufficient to dephase the nuclear spin (see SOM).
To suppress this dephasing one can use a weakly coupled 13 C spin instead of the 14 N nuclear spin to reduce A e .
In conclusion we show here that the absorption and heralded storage of a photon (polarization states) in a nuclear spin can be achieved with high fidelity using a combination of spin-spin, spin-photon Bell state measurements and single-shot readout of electronic spin states. Bringing in additional nuclear spins into action one can also implement entanglement purification between the nuclear spins in two distant nodes [16] making the protocol fault-tolerant and also build other kinds of quantum networks where a secure client driven computation can be performed at quantum nodes that are blind to the input information. The photon storage at each node can also be further improved by employing dynamical decoupling noise spectroscopy or a 12 C enriched diamond [29] for a longer electron spin coherence times and using weakly coupled 13 C nuclear spins for increased stability of memory qubits under repetitive excitation.
The demonstrated results mark a first step towards realizing an absorption based quantum repeater network using solid-state spins in diamond as quantum nodes. As connecting these nodes require entangled photon sources at 637nm, the possibility of using NV centres in diamond itself as a source to generate such photons could make these systems stand-alone components in quantum repeater networks. Quite remarkably our scheme also lends itself for generating entangled photons. Entanglement among the outgoing (emitted) photons is generated by repetitively entangling the electron with the emitted photon and transferring it to the nuclear spin [30] . In this scheme nuclear spins also serve as quantum memory with coherence not destroyed by the interaction of the electron spin with photons. With the demonstrated stability of the nuclear spin under repetitive excitation (5000 rounds) of the electron we estimate that a 10-photon GHZ state can be generated at a rate of 1Hz in the presence of a cavity. Certainly, such an entangled photon source can also be used in linear optics quantum computing.
